. Smad2 and PEA3 cooperatively regulate transcription of response gene to complement 32 in TGF-␤-induced smooth muscle cell differentiation of neural crest cells.
response gene to complement 32; transforming growth factor-␤; Smad2; polyomavirus enhancer activator 3; transcriptional regulation VASCULAR SMOOTH MUSCLE CELL (SMC) differentiation is an important process during vasculogenesis and angiogenesis (22) . The modulation of SMC phenotype plays a major role in a number of human diseases including atherosclerosis, hypertension, restenosis, and cancer (1, 20, 22, 28) . Identification of the mechanisms controlling SMC differentiation will enhance our understanding of SMC phenotypic regulation and therefore will provide potential therapeutic or preventive tools for treating cardiovascular diseases.
Transforming growth factor-␤ (TGF-␤) has been shown to play an important role in the regulation of embryonic vasculogenesis and SMC differentiation (15, 27, 30) . In vivo studies by homologous recombination in mice have shown that TGF-␤1, TGF-␤ receptors (including endoglin, T␤RII, T␤R-I, and Alk1), and signaling intermediates Smads are all critical for embryonic angiogenesis. Loss of any of these components leads to defects in SMC recruitment and/or differentiation during angiogenesis in the developing embryo or extraembryonic structures (17) . TGF-␤ also plays an important role in SMC differentiation from neural crest cells. Although Choudhary and colleagues have reported that TGF-␤ type II receptor neural crest knockout does not cause SMC defect (10, 36) , an earlier study demonstrates that neural crest-specific knockout of the type II receptor causes SMC defect in the aortopulmonary septum (10, 36) . In addition, TGF-␤ induces primary cultured neural crest cells and neural crest cell line Joma1.3 to differentiate to SMC (26, 32) . Our in vitro studies have demonstrated that TGF-␤ induces a contractile SMC phenotype from the neural crest cell line Monc-1 (8) . Smad signaling and RhoA play critical roles in the differentiation of Monc-1 cells (6, 8) .
TGF-␤ signaling is initiated by ligand binding to the transmembrane serine-threonine kinase receptors. The signaling is then transduced predominantly by phosphorylation of receptorassociated Smad proteins (R-Smads) (16, 24, 29) . R-Smads (Smad2 and/or Smad3) combine with the common Smad Smad4 and translocate into the nucleus where they function as transcription factors alone or in association with other DNA binding factors (24) . In addition to Smads, other pathways including those activated by mitogen-activated protein kinase, JNK kinases, phosphoinositide 3 kinase, as well as RhoA, are also involved in TGF-␤ action (6, 25, 34, 35) .
To explore the molecular mechanisms controlling SMC differentiation, we identified a TGF-␤ downstream target, response gene to complement 32 (RGC-32), to be an important regulator of SMC differentiation of Monc-1 cells. Blockade of RGC-32 by small interfering RNA abolishes TGF-␤-induced SMC marker expression. TGF-␤ markedly induces RGC-32 mRNA expression in Monc-1 cells, suggesting that TGF-␤ controls RGC-32 gene transcription (21) , but the molecular mechanism governing Smad regulation of RGC-32 transcription remains to be determined.
In this study, we identified a Smad binding element in the 5= upstream regulatory region to be critical for TGF-␤ regulation of RGC-32 gene. Additional studies revealed that Smad2, but not Smad3, is critical for TGF-␤-induced RGC-32 transcription. In addition, we found that polyomavirus enhancer activa-tor (PEA3) enhanced Smad function in RGC-32 transcription by interacting with Smad2. Furthermore, Smad2 regulation of RGC-32 transcription appears to be important for TGF-␤-induced SMC differentiation from neural crest cells.
MATERIALS AND METHODS
Cell culture and reagents. Monc-1 cells were cultured as previously described (7, 8) . Smad1, Smad2, Smad3, Smad4, and Smad5 antibodies were generously provided by Dr. Peter ten Dijke (The Netherlands Cancer Institute, Amsterdam, The Netherlands). PEA3 antibodies were purchased from Santa Cruz (sc-113). Smad1, Smad3, Smad4, and Smad5 expression plasmids were previously described (11, 12) . Smad2 expression plasmid was a generous gift from Dr. Ying Zhang (38) .
Plasmid construction. RGC-32 promoter DNA were amplified from mouse genomic DNA (Promega) by PCR and cloned into luciferase reporter vector pGL3-basic (Promega) at the KpnI/BglII restriction site. Three RGC-32 promoter reporter plasmids were constructed as follows: p-2107/ϩ844RGCluc contains the regulatory region from nucleotide (nt) Ϫ2107 to ϩ844 bp of RGC-32 gene; p-2107RGCluc and p-1500RGCluc contain the regulatory regions from nt Ϫ2107 and Ϫ1500 to ϩ22 bp of the RGC-32 gene, respectively. The transcription start site was determined based on RGC-32 gene sequence (accession number AF276981). For cloning purpose, the primers for each promoter DNA were flanked by a restriction site of either KpnI (forward primers) or BglII (reverse primers). The sequences of the primers for each construct are as follows (restriction enzyme sites are underlined): p-2107RGCluc: 5=-AAA AGG TAC CGT GAG GAG ATG AAG GAT ACA GCT CCC-3=; p-1500RG-Cluc: 5=-AAA AGG TAC CGC ATG CCA CAT TCT GAC ACC-3=; Reverse Primer 1 (ϩ22): 5=-AAA AAG ATC TCG CTA GCT ACT CGC CTG AG-3=; Reverse Primer 2 (ϩ844): 5=-AAA AAG ATC TTC ATA GTG GAA GTG GCG CTC GT-3=.
The mutant constructs were generated in the context of p-1500RGCluc using the Quikchange Multi Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's recommendation. The PEA3 binding site AGGAAG (from nt Ϫ1379 to Ϫ1374 bp) was converted to ActtAG. The SBE GTCTGGAC (from nt Ϫ1344 to Ϫ1337 bp) was converted to GTtatGAC. The double mutations of PEA3 site and SBE were made according to the individually mutated sequences. All plasmid constructs and mutations were confirmed by sequencing.
The mouse PEA3 expression plasmid was generated by inserting the full-length PEA3 cDNA fragment into pcDNA3.0 expression vector at the HindIII and EcoRI sites. T7-tag was included at the 5= end of PEA3 cDNA. The PEA3 full-length cDNA was amplified by PCR from the reverse transcription of mRNA extracted from Monc-1 cells using primer sequences of AAG CTT ACC ATG GCT AGC ATG ACT GGT GGA CAG CAA ATG GGT CGG ACT AAG TCT TCC AAC CAC (forward) and GAA TTC TCA CTA GTA AGA ATA TCC ACC TCT GTG (reverse). The PEA3 full-length cDNA was verified by sequencing.
Transient transfection and luciferase assay. Monc-1 cells were plated at 2ϫ10 5 cells/well in 12-well plates and incubated at 37°C in a 5% CO2 incubator until 80% confluency. Cells were then transiently transfected (in triplicate) with LipofectAMINE 2000 according to the manufacturer's recommendation (10, 11) . Fifty percent of transfection efficiency was observed with enhanced green fluorescent protein plasmid transfection. Luciferase assays were performed with a dual luciferase reporter assay system (Promega) in a luminescence microplate reader (BioTek Instruments).
Quantitative polymerase chain reaction. Total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer's instruction. cDNA was synthesized using an iScript cDNA synthesis kit (Bio-Rad). Quantitative polymerase chain reaction (qPCR) was performed in MX3000P qPCR machine using SYBR Green qPCR Mastermix (Agilent). The primer sequences for RGC-32, Smad2, ␣-SMA, and SM22␣ were described previously (8, 18, 37) .
Nuclear extract preparation. Monc-1 cells were plated at a density of 3ϫ10 6 /150 mm dish and grown until 70 -80% confluency. The cells were then treated with 5 ng/ml of TGF-␤1 (R&D Biosystem) or vehicle for the times indicated. Nuclear extracts were prepared according to the published procedure (14) . Protein concentrations were measured by the Bradford method (Bio-Rad).
Electrophoretic mobility shift assays. Electrophoretic mobility shift assays (EMSA) reaction was performed as described (17) . Supershift assays were performed by addition of 1 g Smad antibody or 2 g of PEA3 antibody. Protein-DNA complexes were separated in 5% nondenaturing polyacrylamide gel. Mutations for the mutant probes were the same as those generated in mutant luciferase plasmids as described above.
Coimmunoprecipitation assay (CoIP) and Western blot analysis were performed using standard procedure as described previously (4, 8) .
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation assay (ChIP) assays were performed as previously described (37) . Chromatin protein complexes were immunoprecipitated with 3 g Smad2, Smad3 (37), or PEA3 antibody, whereas negative control was immunoprecipitated with normal rabbit IgG. Quantitative PCR was performed to amplify RGC-32 promoter region containing Smad and PEA3 binding sites using the following primer set: forward, 5=-CCAAAGATTCTGTGATGATGGC-3= and reverse, 5=-AGTCT-GAAGGCTCATCCTCAG -3=.
Statistical analysis. All values are expressed as means Ϯ SE. Data were analyzed using ANOVA with pairwise comparisons between groups. A level of P values Ͻ0.05 was considered statistically significant.
RESULTS

TGF-␤ regulates RGC-32 promoter activity.
We previously reported that RGC-32 mRNA expression was significantly upregulated to 50-fold within 24 h after TGF-␤ induction of Monc-1 neural crest cells (21) . To determine whether TGF-␤ regulates RGC-32 gene transcription, we treated TGF-␤-induced cells with transcription inhibitor actinomycin D. Actinomycin D abolished RGC-32 mRNA expression, suggesting that TGF-␤-induced response is indeed transcriptional (Fig. 1A) . In addition, translational inhibitor cycloheximide, although lowered, did not block the TGF-␤-induced RGC-32 mRNA expression, suggesting that TGF-␤-induced response does not require de novo protein synthesis. The lowered expression of RGC-32 at 24 h of TGF-␤ treatment is probably due to the short half-life of TGF-␤ receptors. Since Smad signaling is the major pathway mediating TGF-␤ cellular functions (16), a transcription factor binding site screen was performed using the software pattern-defined regulatory island or PRI (9) . Sequence analysis revealed a SBE (GTCTGGAC) (33) located in the region from Ϫ1344 to Ϫ1337 bp of the RGC-32 promoter. To confirm whether the RGC-32 response is transcriptional, we cloned three different regions of RGC-32 promoter containing this SBE into pGL3-basic luciferase reporter basic vector (Fig. 1B) . These constructs were then transfected into Monc-1 cells followed by TGF-␤ treatment. As shown in Fig. 1C , TGF-␤ significantly upregulated the activities of RGC-32 promoter in these constructs (p-1500RG-Cluc, p-2107RGCluc, and p-2107RGCluc/ϩ844). These data suggest that TGF-␤ regulates RGC-32 transcription through upstream regulatory elements, which are located in a region from Ϫ1500 to ϩ22 bp of RGC-32 promoter. The first exon of RGC-32 gene appears not to be involved in TGF-␤-induced RGC-32 transcription because the activity of the promoter region from Ϫ2107 to ϩ884 bp is essentially the same as the region from Ϫ2107 to ϩ22 bp (Fig. 1C) .
Both Smad and PEA3 are required for the formation of TGF-␤-inducible transcription factor complex bound to RGC-32 promoter. In natural promoters, interaction of Smad proteins with an adjacent transcription factor allows stable A: sequence scheme of DNA fragments used in electrophoretic mobility shift assay (EMSAs). Sequences for DNA fragments containing SBE, PEA3 binding site (PEA3), or both sites (PEAS) are shown. Numbers relative to the transcription start site. B: TGF-␤ induces RGC-32 promoter DNA-nuclear protein interaction. Monc-1 cells were treated with TGF-␤ (5 ng/ml) or vehicle (0) for the times indicated. Nuclear proteins were extracted followed by incubation with 32 P-labeled PEAS, PEA3, or SBE probes. The protein-DNA complexes were resolved and detected as described in MATERIALS AND METHODS. C: sequence scheme of DNA fragments used for 32 P-labeled probe or competitors in EMSAs. Wild-type probe containing both SBE and PEAS, mutant DNA fragments with mutation at SBE (SBEm), or PEA3 binding site (PEA3m), or both sites (PEASm) are shown. The mutated sequences are shown in lower cases and underlined. Numbers relative to the transcription start site. D: competitive EMSAs. The EMSAs were performed using 32 P-labeled PEAS and nuclear proteins extracted from Monc-1 cells treated with vehicle (Ϫ) or TGF-␤1 (5 ng/ml) (ϩ) for 2 h. Wild-type competitors are DNA fragments containing SBE, PEA3, or both sites as shown in A. 100 molar excess wild-type or mutant competitors were simultaneously added with the 32 P-labeled probe to the EMSA reactions. E: supershift assay. The nuclear extracts were incubated with 1.0 g of Smad1 (S1), Smad2 (S2), Smad3 (S3), Smad4 (S4), Smad5 (S5), or 2.0 g of PEA3 antibody on ice for 30 min before the incubation with 32 P-labeled PEAS probe. Normal goat IgG (1.0 g) (Santa Cruz) served as control (C). The protein-DNA complexes were resolved and detected as described in MATERIALS AND METHODS. Smad2, Smad4, and PEA3 antibodies recognize TGF-␤-inducible complex.
binding of Smad transcription complexes to the promoter (16) . Sequence analysis identified a PEA3 binding site (AGGAAG) (23) located in the region from Ϫ1379 to Ϫ1374 bp, 35 bp upstream of the SBE. PEA3 is a transcription factor of Etwenty six (ETS) family. ETS proteins control the expression of genes that are critical for several biological processes, including cellular proliferation, differentiation, development, transformation, and apoptosis. ETS factors regulate hematopoiesis and the development of the central nervous system, bone and cartilage, mammary glands, and vasculature (3, 31). However, whether or not PEA3 interacts with Smads on RGC-32 promoter remains to be determined. To test the promoter-nuclear protein interaction in TGF-␤ regulation of RGC-32 transcription, we synthesized three DNA oligonucleotides containing SBE, PEA3 binding site, or both sites as shown in Fig. 2A and performed an EMSA with nuclear extracts from Monc-1 cells treated with vehicle or TGF-␤. We found that TGF-␤ induced an interaction between nuclear factors and RGC-32 promoter as early as 30 min after the induction (Fig. 2B) .
To determine whether SBE and/or PEA3 sites are important for TGF-␤-induced DNA-protein interaction, we used the DNA oligonucleotides containing both SBE and PEA3 sites as probes to perform competitive EMSA. The wild-type or mutant oligonucleotides with mutation at SBE, PEA3 site, or both sites were used as competitors (Fig. 2C) . As shown in Fig. 2D , wild-type DNA containing both Smad and PEA3 sites completely abolished the formation of TGF-␤-induced complex (lane 5), whereas the competitors containing either site only partially inhibited the complex formation (lanes 3 and 4) . Conversely, the mutation at either Smad or PEA3 site partially competed with the DNA-protein interaction (lanes 8 and 9) , but the competitors with mutation at both sites completely lost the ability to compete for the interaction (lane 10). These data suggest that both SBE and PEA3 binding sites are essential for the interaction of TGF-␤-inducible nuclear proteins with RGC-32 promoter.
To determine whether Smad and/or PEA3 proteins participate in the formation of TGF-␤-inducible nuclear complex formed with RGC-32 promoter and to determine which Smad is involved in the complex, we performed supershift EMSA using Smad and PEA3 antibodies. As shown in Fig. 2E , Smad1, Smad3, and Smad5 antibodies did not recognize the complex, therefore no supershift was observed. However, Smad2 and Smad4 antibodies interacted with the complex and supershifted the TGF-␤-inducible complex (Fig. 2E) . These data indicate that Smad2 and Smad4 are part of the TGF-␤-inducible transcriptional complex. PEA3 antibody also recognized the TGF-␤-inducible complex and supershifted the complex (Fig. 2E) , suggesting that PEA3 is also part of TGF-␤-induced transcriptional complex.
Both SBE and PEA3 binding sites are important for TGF-␤ regulation of RGC-32 promoter. To determine whether the SBE and/or PEA3 binding sites play roles in TGF-␤-induced RGC-32 promoter activation during SMC differentiation, we mutated the two sites individually and in combination by site-directed mutagenesis in the context of p-1500RGCluc as illustrated in Fig. 3A . The wild-type and mutant constructs were then transiently transfected into Monc-1 cells followed by TGF-␤1 induction and luciferase assay. As shown in Fig. 3B , PEA3 binding site mutation significantly inhibited RGC-32 promoter activity. The SBE mutation appears to have a greater effect. Double mutations at both SBE and PEA3 sites resulted in a complete loss of TGF-␤ induction of the promoter (Fig.  3B ). These data suggest that both SBE and PEA3 binding sites are critical for TGF-␤-induced RGC-32 transcriptional activation.
TGF-␤ induces an increased binding of Smad2 and PEA3 to the endogenous RGC-32 promoter.
To determine whether or not TGF-␤ induction enhances the binding of Smad2 and PEA3 to their binding sites in the endogenous RGC-32 promoter within intact chromatin, we performed ChIP analysis on chromatin isolated from Monc-1 cells treated with vehicle or TGF-␤. As shown in Fig. 4 , Smad2 binding was enhanced 4.2 Ϯ 0.3-fold in Monc-1 cells treated with TGF-␤ compared with normal IgG or input controls. PEA3 binding was increased 2.3 Ϯ 0.2-fold. However, Smad3 binding was not increased (Fig. 4) . These results suggest that TGF-␤ may regulate RGC-32 gene transcription via a cooperative action of Smad2 and PEA3.
Both Smad2 and PEA3 are critical for TGF-␤ induction of RGC-32 promoter activity. TGF-␤ signaling is predominantly mediated by Smad2 and Smad3 (16) . As shown in the supershift assay (Fig. 3E) , Smad2, but not Smad3, was present in the TGF-␤-inducible complex formed with RGC-32 promoter. We sought to determine whether Smad2 is also functionally important for RGC-32 promoter activity. We cotransfected p-1500RGCluc plasmid with Smad1, Smad2, Smad3, Smad4, or Smad5 expression plasmids into Monc-1 cells followed by TGF-␤ induction. Luciferase assay showed that Smad1, Smad3, and Smad5 did not have any effect on RGC-32 promoter. However, Smad2 robustly increased the promoter activity (Fig. 5A ). These data indicate that Smad2 is capable of activating RGC-32 promoter. As expected, Smad4 alone did not increase RGC-32 promoter activity.
PEA3 overexpression did not increase TGF-␤-induced RGC-32 promoter activity (Fig. 5B) , suggesting that endogenous PEA3 may be sufficient for RGC-32 promoter activity. To determine whether PEA3 is essential for RGC-32 transcription, we blocked PEA3 expression in Monc-1 cells using short hairpin RNA (shRNA) and detected RGC-32 mRNA expression. qPCR analyses showed that PEA3 knockdown significantly inhibited TGF-␤-induced RGC-32 mRNA expression (Fig. 5, C and D) .
Smad2 interacts with PEA3 to regulate RGC-32 transcription. As indicated above, TGF-␤-induced nuclear factor-promoter interaction requires both SBE and PEA3 binding sites (Fig. 2D) . PEA3 is present in the TGF-␤-induced transcriptional complex (Fig. 2E) . PEA3 is indeed required for RGC-32 gene transcription (Fig. 5, C and D) . To determine whether Smad2 functionally interacts with PEA3, p-1500RGCluc was cotransfected with PEA3, Smad2, or Smad3 expression plasmids individually or in combination into Monc-1 cells followed by TGF-␤ treatment. As shown in Fig. 6A , overexpression of PEA3 or Smad3 did not alter RGC-32 promoter activity. Coexpression of PEA3 and Smad3 also did not affect the promoter. However, Smad2 dramatically increased RGC-32 promoter activity. Cotransfection of PEA3 and Smad2 significantly increased the promoter activity compared with Smad2 alone (Fig. 6A) . These data suggest that PEA3 enhances Smad2 function. Additional studies with PEA3 shRNA showed that PEA3 knockdown significantly blocked Smad2-mediated RGC-32 promoter activity (Fig. 6B) and RGC-32 mRNA expression (Fig. 6C) .
Since PEA3 enhanced the activity of Smad2 in regulating RGC-32 promoter, PEA3 and Smad2 were also present in the same transcription complex binding to RGC-32 promoter (Fig.  2E) ; we sought to confirm if PEA3 physically interacts with Smad2. We transfected flag-tagged Smad2, Smad3, and T7-tagged PEA3 expression plasmids individually or in combination into Cos-7 cells and performed a CoIP assay by using anti-flag antibody to pull down Smad2/3-interacting proteins and using T7 antibody to blot PEA3. Our results show that PEA3 did not interact with Smad3. However, PEA3 interacted with Smad2 (Fig. 6D) , which is consistent with the function of PEA3 in enhancing Smad2 activity (Fig. 6A) .
Smad2 regulation of RGC-32 is important for TGF-␤-induced SMC differentiation.
To determine whether Smad2 regulation of RGC-32 transcription is relevant to SMC differentiation, we tested if RGC-32 is able to rescue the expression of SMC marker genes downregulated by Smad2 knockdown. As shown in Fig. 7 , Smad2 shRNA (18) significantly inhibited the expression of RGC-32 and endogenous SMC marker genes ␣-SMA and SM22␣. Overexpression of RGC-32 ( Fig. 7B) , however, reversed the effect of Smad2 shRNA and restored the expression of SMC markers (Fig. 7, C and D) . These data indicate that Smad2 regulation of RGC-32 expression is an important process in TGF-␤-induced SMC differentiation of neural crest cells.
DISCUSSION
TGF-␤ plays an important role in SMC differentiation from neural crest Monc-1 cells (6 -8) . The signaling molecules mediating TGF-␤ function in this process have been identified to be Smads and RhoA (6, 8) . Our recent studies demonstrated that RGC-32 is a TGF-␤ downstream target important for the regulation of SMC differentiation of neural crest cells (21) . Interestingly, RGC-32 was not induced by TGF-␤ in human umbilical vein endothelial cells. Instead, it is induced by vascular endothelial growth factor (VEGF). VEGF-induced RGC-32 inhibits endothelial cell proliferation, thus impairs hypoxia-regulated angiogenesis (2) . It is unknown, however, if TGF-␤ plays a role in RGC-32 induction in endothelial cells during vascular development.
Both Smad and RhoA signaling appear to be important for RGC-32 activation (21), but how Smad and RhoA regulate RGC-32 gene is unclear. In the present study, we demonstrate for the first time that Smad2 and PEA3 cooperatively regulate RGC-32 gene transcription in the TGF-␤-induced SMC differentiation of neural crest cells. Several lines of evidence support our observation. First, TGF-␤ triggers an interaction of nuclear factors with RGC-32 promoter. Both Smad and PEA3 binding sites are essential for this protein-promoter interaction. The presence of either site only partially competes, but the presence of both sites completely competes for the interaction (Fig. 2D,  left) . Likewise, mutation of either site only partially inhibits the interaction and promoter activity, but mutation of both sites completely abolishes the interaction and promoter activity (Fig. 2D, right, and Fig. 3 , and PEA3 expression plasmids were cotransfected individually or in combination with p-1500RGCluc promoter into Monc-1 cells for 20 h, followed by TGF-␤1 (5 ng/ml) or vehicle treatment for 18 h. Luciferase activities were determined. Data are the results of three independent experiments. *P Ͻ 0.001 compared with pcDNA-transfected group treated with TGF-␤. **P Ͻ 0.001 compared with Smad2-transfected group treated with TGF-␤. B: PEA3 knockdown blocks Smad2-induced RGC-32 promoter activity. p-1500RGCluc promoter was cotransfected with Smad2 and control (shCtrl) or PEA3 shRNA (shPEA3) into Monc-1 cells for 48 h followed by TGF-␤ induction for 18 h. Luciferase assay performed. *P Ͻ 0.01 compared with pcDNA transfected and TGF-␤-treated group. #P Ͻ 0.01 compared with Smad2/shCtrl and TGF-␤-treated group. C: PEA3 knockdown blocks Smad2-induced RGC-32 mRNA expression. Cells were treated similarly as in B but without p-1500RGCluc promoter transfection. RGC-32 mRNA expression was detected by qPCR. *P Ͻ 0.01 compared with pcDNA transfected and TGF-␤-treated group. #P Ͻ 0.01 compared with Smad2/shCtrl and TGF-␤-treated group. D: PEA3 physically interacts with Smad2. Flag-tagged Smad2, flag-tagged Smad3, and T7-tagged PEA3 plasmids were transfected into Cos-7 cells individually or in combination as indicated and coimmunoprecipitation (CoIP) was performed. Smadinteracting proteins were pulled down with Flag antibody (IP: Flag), and the immunoprecipitates were blotted (IB) with T7 and Flag antibody. Smad2 (58 kDa), Smad3 (50 kDa) or PEA3 expression was monitored in whole cell lysates (WCL IB) with flag or T7 antibodies as indicated.
roles in mediating TGF-␤ signaling and regulating gene transcription (5) . We found that TGF-␤ regulation of RGC-32 gene in neural crest cells is Smad2 dependent. Overexpression of Smad2 and Smad4, but not Smad3, significantly increases RGC-32 promoter activity. Smad2, but not Smad3, is present in the TGF-␤-inducible complex formed by nuclear proteins with RGC-32 promoter. TGF-␤ induces an enrichment of Smad2, but not Smad3, binding to endogenous RGC-32 promoter. Moreover, Smad2, but not Smad3, physically interacts with PEA3. Collectively, our results show that Smad2 is critical for RGC-32 gene transcription, whereas Smad3 appears to have no activity although both Smad2 and Smad3 are simultaneously activated after 15 min of TGF-␤ induction (8) .
Smad transcriptional activity can be modulated by the recruitment of coactivators or corepressors (5) . Interestingly, SBEs often appear adjacent to binding sites for other transcription factors (13) . The SBE in RGC-32 promoter is adjacent to the PEA3 binding site. TGF-␤ induces an enhanced binding of PEA3 to RGC-32 promoter (Figs. 2 and 4 ). PEA3 appears to play a role in modulating Smad2 activity. Since Smad2 does not directly bind promoter sequence, the possible underlying mechanism for Smad2 function is that Smad4 binds the SBE and PEA3 binds its nearby site. Smad2, by interacting with both PEA3 and Smad4, provide a bridge between the two DNA-bound proteins. These proteins cooperatively activate RGC-32 promoter, similar to the mechanism governing the regulation of Mixl1 promoter by FOXH1, Smad2, and Smad4 (19) . Smad2-mediated RGC-32 transcription appears to be very important for TGF-␤-induced SMC differentiation because the downregulation of SMC marker genes due to Smad2 knockdown can be rescued by RGC-32 expression in Monc-1 cells.
Taken together, our results provide novel information about the mechanism underlying TGF-␤ regulation of RGC-32 promoter in SMC differentiation; i.e., Smad2 interacts with PEA3 to regulate RGC-32 transcription, which further regulates SMC differentiation from neural crest cells.
